




























drift	 in	 a	 glasshouse.	Bumble	bees	 are	unique	due	 to	 the	 large	 size	differentiation	
among	workers	within	a	colony,	which	are	thought	to	lead	to	consistent	differences	






foragers,	but	 it	 is	unknown	whether	 they	have	 ‘scouting’	bees	 that	recruit	 inactive	
bees	 early	 in	 the	day	 to	 forage.	Understanding	more	about	 the	behaviour	of	 these	
populations	and	the	effect	environments	can	have	on	their	activity	is	important	for	
understanding	how	to	aid	in	the	conservation	of	these	populations.		
Chapter	 3	 investigates	 bumble	 bee	 foragers	 and	 their	 activity	 among	
individuals	 of	 different	 sizes	 and	 within	 different	 colonies.	 I	 hypothesized	 (1)	 if	







differed	 from	 one	 another	 in	 foraging	 activity	 within	 both	 colonies.	 Additionally,	




another	 in	 foraging	 behaviour	 and	 show	 consistent	 differences	 within	 the	 same	
colony,	 as	well	 as	 from	other	 colonies.	Moreover,	 larger	 bees	 appear	 to	 anticipate	
sunrise	 and	 potential	 food	 availability,	 suggesting	 the	 presence	 of	 strong	 diurnal	
foraging	circadian	rhythms,	with	larger	bees	leaving	the	next	for	the	first	time	earlier	
than	smaller	bees.	These	differences	among	individuals	could	facilitate	the	temporal	
division	 of	workers,	 and	morphological	 differences	 could	 account	 for	 some	 of	 the	
variation	seen	among	colonies.			
In	 chapter	 4	 I	 assessed	 bumble	 bee	 foraging	 activity	 across	 two	 different	
environments,	a	simple	monofloral	glasshouse,	and	an	enriched	polyfloral	glasshouse.	
I	hypothesised	that	(1)	if	simplified	monocultures	have	a	detrimental	effect	on	bumble	
bee	 colonies,	 then	 decreased	 foraging	 activity	 will	 be	 observed	 in	 the	 simple	
environment	 compared	 to	 the	 enriched	 and	 (2)	 if	 nest	 switching	 behaviour	 is	
influenced	 by	 the	 availability	 of	 natural	 nectar	 sources,	 then	 lower	 levels	 of	 nest	
switching	will	be	observed	in	the	enriched	environment.	The	methods	of	this	chapter	
were	the	same	as	chapter	3,	except	that	there	were	two	glasshouses	and	four	colonies.	
One	 glasshouse	 had	 3	 flower	 types	 including	 tomatoes,	 and	 the	 other	 only	 had	
tomatoes	 and	 artificial	 sugar	 syrup	 as	 a	 nectar	 source.	 I	 found	 that	 in	 the	 simple	
environment,	bumble	bees	showed	significantly	decreased	foraging	activity,	initiated	
foraging	 later,	and	spent	 less	 time	out	of	 the	nest.	Nest	switching	occurred	at	high	
rates	 and	 there	was	 no	difference	 among	 colonies	 or	 environments.	 These	 results	




differentiation	 and	 suggests	 that	 it	may	persist	 to	 separate	workers	 temporally	 in	
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Human-induced	 environmental	 change	 is	 shaping	 the	 world	 rapidly	 as	
agricultural	 intensification	and	urban	 sprawl	 increase	and	 spread	out	 across	what	
used	 to	 be	 rural	 landscapes	 (Terando,	 Costanza	 et	 al.	 2014).	 This	 environmental	
change	 is	having	profound	effects	on	species	as	 they	are	either	dying	out	or	being	
forced	 to	 adapt	 to	 this	 new	 ecosystem.	 This	 is	 causing	 some	 of	 the	 greatest	 local	
extinction	rates	of	native	species	in	recent	times	(McKinney	2002,	Walther,	Post	et	al.	
2002).	 	Land	use	change	can	cause	pollution,	habitat	 loss,	 increased	noise,	 climate	
change,	introduction	of	invasive	species,	and	reduction	of	natural	resources	(Barnes,	
Morgan	 Iii	 et	 al.	 2001,	 Johnson	and	Klemens	2005,	 Sih,	 Ferrari	 et	 al.	 2011).	These	
initial	adaptive	responses	are	often	behavioural,	changing	the	actions	of	individuals	
to	increase	survival	of	populations	(Tuomainen	and	Candolin	2011).		
These	 behavioural	 changes	 are	 crucial	 for	 the	 future	 survival	 of	 populations	
(Sih,	Ferrari	et	al.	2011).	Because	this	land	use	change	is	so	rapid,	animals	who	do	not	
have	the	tools	to	adapt,	either	physiologically	or	behaviourally,	are	struggling	in	these	











Pollination	 of	 plants	 provided	 by	 insects	 is	 a	 vital	 ecosystem	 service	 in	 the	
environment	(Klein,	Vaissière	et	al.	2007).	This	service	is	performed	by	many	insect	
species	 such	as	wasps,	bees,	butterflies,	 flies,	beetles	and	moths,	 and	 is	 crucial	 for	
plants	 such	 as	 fruit,	 vegetables,	 and	 nuts	 (Delaplane,	 Mayer	 et	 al.	 2000,	 Klein,	
Vaissière	 et	 al.	 2007).	 Pollination	 is	 essential	 for	 approximately	 87%	of	 flowering	












such	 as	 agricultural	 intensification	 and	 increasing	 urban	 sprawl	 (Johnson	 and	





This	 land	 is	 intensively	 managed,	 resulting	 in	 the	 loss	 of	 field	 margins	 and	 edge	
habitats	as	flowering	weeds	are	removed	and	crop	fields	expand	(Tilman,	Fargione	et	
al.	 2001,	 Benton,	 Vickery	 et	 al.	 2003).	 	 This	 causes	 the	 loss	 of	 wild	 flowers	 that	
previously	provided	variety	in	the	floral	species	foraging	bees	had	access	to	(Goulson,	
Nicholls	 et	 al.	 2015).	 These	 changes	 are	 reducing	 floral	 resources	 for	 species,	





Cropland	 that	 is	 used	 to	 produce	 flowering	 crops	 often	 yield	 only	 mass-
produced	 singular	 species	 of	 flowers,	 which	 results	 in	 a	 monotonous	 diet	 for	
pollinators	(Di	Pasquale,	Salignon	et	al.	2013).	Agricultural	environments	can	cause	a	





success,	 increase	 susceptibility	 to	 disease,	 increase	 the	 effects	 of	 parasites,	 and	







worldwide,	 especially	 honey	 bees	 and	 bumble	 bees	 (Apis	 and	Bombus)	which	 are	












of	 the	 colony	 (Dornhaus	 2012,	 Charbonneau	 and	 Dornhaus	 2015).	 This	 can	 be	
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facilitated	 by	 mechanisms	 such	 as	 temporal	 polyethism,	 where	 as	 they	 age	 they	
transition	from	in-nest	to	foraging	tasks,	or	morphological	polyethism,	where	the	size	
of	 the	 individuals	 predisposes	 them	 to	 perform	 certain	 tasks	 (Beshers	 and	Fewell	
2001,	Jandt,	Huang	et	al.	2009,	Baracchi	and	Cini	2014).	Each	individual	varies	slightly	




individual	 to	action	 in	a	specific	nest	 task.	They	are	considered	a	key	 factor	 in	 the	
behavioural	variation	observed	within	colonies	(Beshers	and	Fewell	2001,	Jandt	and	
Dornhaus	2014).	Small	intrinsic	differences	between	individuals	get	amplified	over	




with	 a	 low	 threshold	 will	 consistently	 perform	 it	 (Bonabeau,	 Dorigo	 et	 al.	 2000,	
Beshers	and	Fewell	2001).	This	can	lead	to	consistent	differences	among	workers	as	




becomes	too	 intense,	an	 increasing	number	of	 individuals	will	switch	tasks	 to	deal	
with	it	as	their	threshold	is	reached.	For	instance,	if	a	nest	becomes	too	hot,	workers	
will	stop	performing	other	tasks	and	switch	to	fanning	behaviour	to	thermoregulate	
the	 nest	 (Weidenmüller	 2004,	 Jandt	 and	 Dornhaus	 2014).	 These	 thresholds	 also	
extend	to	foraging	activities	outside	of	the	nest,	and	individuals	can	vary	in	the	effort	


























Communication	 is	 an	 important	 part	 of	 social	 bee	 colonies	 allowing	 the	
coordination	of	activities	in	the	nest	(Ingrid,	Alicia	et	al.	2005,	Leonhardt,	Menzel	et	
al.	 2016).	 One	 such	 form	 of	 communication	 is	 the	 recruitment	 of	 nest	 mates	 to	
available	food	sources	(Leonhardt,	Menzel	et	al.	2016).	The	most	common	example	of	
this	 is	 the	honey	bee	waggle	dance,	where	foragers	 ‘dance’	 to	show	the	 location	of	














forage	 (Dornhaus	 and	 Chittka	 2001,	 Molet,	 Chittka	 et	 al.	 2008).	 This	 method	 of	
communication	 does	 not	 advertise	 the	 location	 of	 resources.	 Bumble	 bee	 foragers	
instead	 rely	 on	 personal	 information	 to	 locate	 floral	 resources	 (Dechaume-
Moncharmont,	Dornhaus	et	al.	2005).	This	may	be	because	bumble	bees	evolved	in	
temperate	habitats	where	resources	are	spread	more	evenly	than	in	the	tropical	areas	
where	 honey	 bees	 evolved	 (Dornhaus	 and	 Chittka	 1999,	 Heinrich	 2004).	 Floral	
resources	vary	in	both	time	and	space	and	take	a	considerable	effort	to	find	and	the	













et	 al.	 2002).	 An	 animal’s	 circadian	 rhythm	 allows	 it	 to	 exploit	 its	 environment	
effectively	 to	 benefit	 its	 survival	 (West	 and	 Bechtold	 2015).	 Most	 social	 insect	
colonies	show	diurnal	rhythms,	and	they	are	considered	to	be	important	in	the	colony	
to	 improve	 efficiency	 (Bloch,	 Herzog	 Erik	 et	 al.	 2013).	 There	 is	 also	 evidence	 for	
circadian	rhythms	to	vary	among	workers	within	a	social	insect	colony	(Charbonneau	


















































nurses	 and	 cleaners	 in	 the	 nest	 (Jandt	 and	 Dornhaus	 2009,	 Couvillon,	 Jandt	 et	 al.	
2010).	There	is	significant	variation	among	the	foraging	caste	as	well,	as	forager	body	
size	(thorax	width)	can	vary	from	3	to	6.9	mm	(Goulson,	Peat	et	al.	2002).	Bumble	










Weidenmüller	 2002).	 They	 visit	 more	 flowers	 per	 unit	 of	 time	 as	 well	 and	 are	
understood	 to	 maintain	 greater	 foraging	 ranges	 (Cresswell,	 Osborne	 et	 al.	 2000,	
Greenleaf,	Williams	et	al.	2007).	Larger	bumble	bees	have	better	 image	sensitivity,	
visual	 resolution	 and	 acuity	 compared	 to	 smaller	 bees,	 allowing	 them	 to	 locate	
flowers	better	(Spaethe	and	Chittka	2003).	This	can	affect	the	time	spent	foraging	and	







1991,	 Verdolin	 2006).	 Moreover,	 they	 can	 probe	 deeper	 flowers,	 forage	 in	 lower	
temperatures,	learn	faster	than	their	smaller	counterparts,	and	have	higher	antennal	
sensitivity	 (Heinrich	 1975,	 Peat,	 Tucker	 et	 al.	 2005,	 Worden,	 Skemp	 et	 al.	 2005,	







There	 are	 several	 reasons	 a	 bumble	 bee	 will	 leave	 the	 nest.	 The	 first,	 as	
discussed	above,	is	exploitation	flights	to	gather	food	and	ensure	the	success	of	the	
nest	 (Woodgate,	Makinson	 et	 al.	 2016).	 This	 is	 however	 not	 the	 only	 reason	 that	
bumble	bees	will	 leave	 the	nest.	Workers	 can	 leave	 the	nest	 for	defecation	 flights,	













2006).	 This	 could	 facilitate	 foraging,	 and	 leaving	 the	 nest	 earlier	 is	 thought	 to	 be	
advantageous	 as	 flowers	 often	 have	 larger	 loads	 of	 nectar	 and	 pollen	 early	 in	 the	
morning	(Kapustjanskij,	Streinzer	et	al.	2007).	This	assists	in	division	of	labour	within	
a	 bumble	 bee	 nest,	 with	 larger	 individuals	 typically	 being	 foragers	 and	 smaller	
individuals	providing	around	the	clock	brood	care	(Yerushalmi,	Bodenhaimer	et	al.	
2006,	Stelzer,	Stanewsky	et	al.	2010).	The	nest	is	a	dark	and	constant	environment,	
and	 light	 patterns	 do	 not	 have	 any	 effect	 on	 the	 tasks	 performed	 (Yerushalmi,	














buzz-pollination	 behaviour	 (buzzing	 at	 a	 high	 frequency,	 stimulating	 flowers	 to	







Bumble	 bee	 species	 have	 been	 introduced	 in	 many	 countries	 to	 stimulate	
















and	 farmers	 have	 voiced	 concerns	 over	 inadequate	 pollination	 in	 glasshouses	
(Morandin,	Kevan	et	al.	2001).	These	commercial	environments	are	highly	artificial,	
with	colonies	often	being	supplied	 just	one	species	of	plant	as	a	pollen	supply	and	





In	natural	 systems,	 social	 insects	have	 incentive	 to	distinguish	between	 their	
nest	mates	and	outsiders.	Outsiders	may	enter	other	nests	when	they	are	attempting	




disease	 (Richards	 and	 Dunn	 2003,	 Cremer,	 Armitage	 et	 al.	 2007).	 Fidelity	 to,	 and	
defence	of	nest	sites	are	very	common	in	social	insects	(Blacher,	Yagound	et	al.	2013).	
These	 insects	 have	 complex	 recognition	 systems	 allowing	 them	 to	 discriminate	
between	 those	 who	 belong	 in	 the	 nest,	 and	 those	 that	 should	 be	 kept	 outside	
(Crowley,	Provencher	et	al.	1996,	Wiley	2013).	These	recognition	systems	are	seen	
throughout	a	variety	of	social	insect	species	and	are	thought	to	be	facilitated	by	nest	














2004,	 Birmingham	 and	Winston	 2004).	 Commercial	 bumble	 bee	 colonies	 kept	 in	
glasshouses	unusually	do	not	appear	to	exclude	these	conspecifics	when	they	enter	
the	 nest,	 signifying	 this	 is	 a	 consequence	 of	 the	 confined	 environment	 (Free	 and	
Butler	1959).	It	has	been	suggested	that	workers	may	be	drifting	into	other	colonies	
in	tomato	plant	glasshouses,	as	they	solely	produce	pollen,	and	while	there	are	syrup	















Bumble	bee	colonies	require	a	supply	of	 food	continuously	 for	 the	successful	
establishment,	growth,	and	production	of	sexuals	at	the	end	of	their	cycle	(Westphal,	
Steffan-Dewenter	 et	 al.	 2009,	 Williams,	 Regetz	 et	 al.	 2012).	 The	 degraded	
environment	bumble	bees	are	faced	with	when	nesting	around	agricultural	farmland,	
where	wild	plants	and	natural	habitats	have	been	removed,	do	not	account	for	this	
constant	need	of	 resources.	While	 there	 are	many	 early	 flowering	 crops	 there	 are	




et	 al.	 2009).	 Bumble	 bee	 nesting	 sites	 are	 fixed	 for	 the	 summer	 and	 downstream	
effects	 can	 have	 large	 effects	 on	 the	 colony	 as	 the	 season	 progresses.	 This	 is	 also	









	The	 overall	 aim	 of	 this	 thesis	 is	 to	 examine	 foraging	 patterns	 of	 individual	
bumble	bees	and	the	effect	environmental	enrichment	can	have	on	 these	patterns.	
Through	 this	 research,	 I	 anticipated	 to	 increase	 understanding	 of	 morphological	














In	 Chapter	 4,	 I	 aimed	 to	 discover	 whether	 colony	 foraging	 behaviour	 was	
affected	 by	 their	 surrounding	 environment.	 This	 was	 explored	 through	 (1)	 how	
bumble	bee	activity	is	affected	by	a	simplified	or	enriched	environment	and	(2)	how	
this	 environmental	 enrichment	 can	 affect	 drifting	 behaviour	 among	 bumble	 bee	
colonies	 in	 a	 glasshouse.	 These	 results	 will	 provide	 insight	 into	 how	 exposure	 to	
















Dunedin	 in	 a	 glasshouse	 (Fig.	 2.1).	 The	 glasshouse	was	 translucent	 polycarbonate	
(12m	wide	x	42m	long),	separated	by	a	wall	in	the	middle	(each	side	12m	wide	x	21m	
long).	 It	was	orientated	north	to	south	and	was	sealed	extensively	with	aluminium	
screens	 on	 all	 openings	 to	 limit	 bees	 from	 escaping.	 Each	 side	 of	 the	 glasshouse	
contained	either	an	enriched	(South)	or	simple	(North)	environmental	set-up.		
To	control	 climate	 in	 the	glasshouse,	 fans	were	programmed	 to	 turn	on	at	30˚C	












































of	 each	 individual	worker	 for	data	 collection.	To	 tag	 individuals,	 they	were	placed	
inside	a	queen	marking	tube	in	the	dark	under	red	light	conditions	to	reduce	stress	
for	 the	bees	and	tags	were	attached	using	glue	to	ensure	they	stayed	on	(Fig.	2.4).	




transferred	 as	well.	 The	 bottom	 of	 the	 box	 contained	 a	 layer	 (approximately	 3cm	
deep)	 of	 BreederCelectTM	 paper	 pellet	 cat	 litter	 (FibreCycle	 Pty.	 Ltd)	 to	 absorb	
moisture.		
Colonies	were	arranged	on	either	side	of	the	glasshouse	25th	February	2018,	in	the	
afternoon.	Two	colonies,	 randomly	selected,	were	placed	on	separate	 tables	at	 the	
rear	of	each	glasshouse	side	(North	or	South).	Each	nest	entrance	was	marked	with	a	
colour	to	provide	a	visual	cue	to	orientate	returning	foragers.	During	a	pilot	study,	we	
determined	 that	 temperatures	 remained	 most	 consistent	 near	 the	 centre	 of	 the	
glasshouse	(or	the	rear	of	each	side).	Nest	boxes	were	covered	with	a	(approximately	
40x50x10cm)	 sheet	 of	 polystyrene	 for	 additional	 insulation	 (Fig.	 2.2b).	 For	 the	
duration	of	the	study,	the	bumble	bees	were	free	to	forage	in	the	glasshouse,	and	the	
nest	 box	 entrance	was	 open	 at	 all	 times.	 Next	 to	 each	 colony	 on	 the	 table,	 a	 low	
percentage	(10-25%)	sugar	solution	was	placed	to	provide	a	constant	source	of	food	









foraging	data	could	still	be	collected	on	 them.	Bumble	bees	 found	dead	during	 the	
experiment	were	collected	and	stored	 in	a	 -4˚C	 freezer.	When	 the	experiment	was	
over,	the	remaining	bees	were	placed	on	dry	ice	to	quickly	euthanize	them.	Thorax	



























































Foraging	 activity	 was	 recorded	 3-4	 days	 each	 week	 for	 four	 weeks	 (n	 =	 14	













environment	 (Birmingham,	Hoover	 et	 al.	 2004).	 I	 also	noted	whether	 the	bee	was	





For	 each	 bumble	 bee,	 the	 data	 from	 each	 day	 they	 were	 observed	 were	





























were	 calculated,	 and	 all	 14	 days	 of	 data	 for	 each	 individual	 were	 condensed	 to	
singular	 data	 point	 for	 each	 measure.	 Standard	 deviation	 was	 also	 assessed	 to	
determine	 whether	 some	 individuals	 were	 more	 consistent	 or	 variable	 in	 their	
foraging	activity.		
	































Individuals	 within	 social	 insect	 colonies	 can	 vary	 consistently	 in	 behaviour	
(Jandt,	 Bengston	 et	 al.	 2014).	 These	 differences	 can	 be	 facilitated	 by	 a	 number	 of	












bee	 (Bombus	 terrestris)	 colony	 varied	 consistently	 among	 one	 another	 in	 their	
foraging	patterns.	This	way,	 I	 explored	 the	question	of	whether	bumble	bees	have	
‘scouts’	or	‘activator’	bees	that	are	leaving	earlier	and	initiating	foraging	before	other	
workers.	 I	 tested	 the	 hypothesis	 that	 if	 bumble	 bees	 differ	 intrinsically	 from	 one	
another,	 then	 differences	 in	 behaviour	will	 be	 observed	 among	 foragers	 from	 the	
24	
	
same	 colony.	 	 Furthermore,	 I	 tested	 the	hypothesis	 that	 if	 a	 group	of	 foragers	 are	
acting	 as	 ‘activators’,	 then	 some	 individuals	would	 be	 observed	 initiating	 foraging	
consistently	earlier	than	others	from	the	same	nest.		
Secondly,	I	aimed	to	explore	whether	body	size	could	be	a	mechanism	behind	





For	 this	 chapter,	 the	 data	 of	 the	 colonies	 in	 the	 enriched	 (South)	 glasshouse	
were	used.	This	was	due	to	the	greater	applicability	of	this	glasshouse	to	the	natural	














Snapdragon	 (Antirrhinum	majus)	n	=	20)	 (Fig.	 3.2.1b,c)	providing	 a	natural	nectar	
source.	Two	bumble	bee	(Bombus	terrestris)	colonies	were	placed	at	the	rear	of	the	
glasshouse	 with	 each	 bumble	 bee	 individually	 marked	 with	 a	 number	 tag	 for	
observation	(Fig.	2.6).	Plants	and	colonies	were	placed	on	1x1m	tables	to	lift	them	off	








































Data	 on	 foragers	 from	 both	 colonies	 and	 from	 unknown	 colony	 origin	were	
pooled	for	this	analysis,	as	thorax	widths	were	measured	on	only	17	bees	total.	All	
statistical	 analyses	were	performed	 in	 JMP	v.	 14.	The	distribution	of	 the	 variables	
measured	(Table	2.1)	was	not	normal,	therefore	non-parametric	tests	were	used.		
A	Wilcoxon/Kruskal-Wallis	(rank	sums)	test	was	performed	to	analyse	whether	
individuals	 within	 a	 colony	 differed	 from	 one	 another	 in	 the	 observed	 variables:	
average	time	of	first	leave	after	sunrise,	average	first	bout	length,	average	bouts	per	
day,	average	of	average	bout	time,	and	average	total	time	spent	foraging.	The	analysis	
was	 run	with	 the	predictor	being	bee	 ID	number,	 the	 response	was	 the	measured	
variable,	and	by	colony	origin	(where	the	bumble	bee	was	found	and	marked)	was	
used	 to	 separate	 individuals	 into	 their	 respective	 colonies	 (excluding	 unknown	
colony	 origin).	 A	 second	 analysis	was	 run	with	 the	 same	 predictor	 and	 response,	
without	 colony	 origin	 and	 including	 all	 observed	bees	 (including	unknown	 colony	




was	 also	 run	 for	 the	 standard	 deviation	 of	 the	 measured	 variables	 to	 determine	



























Foraging	Variable	 South	1	 South	2	 All	Observed	
Number	of	Bees	Observed	 23	 30	 64	
Bouts	Per	Day	 9.43	±	5.63	 8.6	±	5.47	 8.63	±	5.25	
Bout	Length	 21.08	±	16.01	 18.8	±	5.47	 21.07	±	15.81	
First	Bout	Length	 13.39	±	57.03	 10.74	±	48.32	 12.61	±	52.66	
Time	of	First	Leave	 69.89	±	18.52	 70.29	±	14.51	 70.84	±	17.42	





















































































































































































































































































































































































Thorax	 width	 was	 recorded	 for	 17	 of	 the	 64	 foraging	 bees	 in	 the	 two	 south	
glasshouse	colonies	(ave	±	se:	4.49	±	0.58;	min	=	3mm;	max	=	5.3mm).	There	was	no	


















































































































































































Figure	 3.3.5.	 There	was	 no	 relationship	 between	 thorax	width	 of	 individuals	 over	 all	



























































































































































Individuals	 differed	 from	 one	 another	within	 a	 colony	 to	 varying	 degrees	 in	
different	foraging	patterns.	The	results	of	this	study	show	that	individuals	differ	in	
their	 foraging	 strategies	 to	 some	 extent.	 Small	 differences	 among	 workers,	
physiological	 or	morphological,	may	 induce	 differences	 in	 behaviour	 of	 individual	
bumble	 bees	 despite	 being	 closely	 related	 to	 one	 another	 (Slater	 1981,	 Amdam,	
Norberg	et	al.	2004).	Individuals	differed	in	both	colonies	in	the	bouts	they	performed	
per	 day,	 average	 bout	 length,	 and	 the	 total	 time	 they	 spent	 foraging.	 When	 not	
accounting	for	colony,	individuals	differed	from	one	another	in	every	foraging	pattern	
measured.	 This	 suggests	 that	 there	 are	 consistent	 differences	 among	 bumble	 bee	
workers	in	their	foraging	activity.	Some	observed	individuals	were	performing	more	
bouts	per	day	 than	others,	others	had	a	 longer	average	bout	 time,	and	some	were	
putting	more	effort	into	foraging	than	others	with	a	longer	total	time	spent	foraging.			
Oster	and	Wilson	(1979)	described	that	honey	bees	can	vary	from	one	another	













3.3.2a).	This	 aligns	with	previous	 research	 that	bumble	bees	do	not	have	 complex	
foraging	recruitment	systems	and	have	not	evolved	to	communicate	the	location	of	
food	 sources	 (Dornhaus	 and	 Chittka	 1999),	 making	 scouts	 much	 less	 effective.	
Research	has	suggested	that	this	is	because	they	evolved	in	an	environment	where	




























to	 evidence	 suggesting	 that	 temporal	 differences	 in	 activity	 could	 play	 a	 role	 in	











There	 is	 yet	 to	 be	 a	 conclusive	 explanation	 for	 the	 existence	 of	 this	 size	
differential	 within	 a	 bumble	 bee	 colony	 and	 the	 purpose	 of	 smaller	 workers	
(Couvillon	and	Dornhaus	2010),	especially	when	larger	foragers	appear	to	be	better	
at	every	nest	task	(Goulson,	Peat	et	al.	2002).	While	this	study	focused	on	the	activity	
of	 larger	 foraging	 workers,	 there	 is	 previous	 evidence	 showing	 that	 smaller	 bees	
















in	 individual	 workers	 within	 colonies	 in	 the	 measured	 foraging	 activities:	 bouts	




they	performed,	 their	 average	bout	 length,	 and	 the	 total	 time	 they	 spent	 foraging.	
These	results	also	preliminarily	suggest	that	bumble	bee	colonies	do	not	have	scouts.	





















purposes,	 where	 they	 are	 exposed	 to	 mass-produced	 monocultural	 floral	
environments	with	 very	 little	 resource	 variety	 (Di	 Pasquale,	 Salignon	 et	 al.	 2013).	
These	environments	are	thought	to	have	negative	effects	on	these	populations,	as	they	
are	not	getting	the	variety	of	nutrients	needed	to	support	colony	health	and	growth	
(Haydak	 1970,	 Goulson,	 Nicholls	 et	 al.	 2015,	 Vaudo,	 Tooker	 et	 al.	 2015).	 	 These	
glasshouse	environments	are	also	thought	to	have	an	effect	on	drifting	behaviour	of	






foraging	 activity	 of	 bumble	 bee	 (Bombus	 terrestris)	 colonies.	 I	 aim	 to	 explore	 the	













in	 commercial	 tomato	 glasshouses	 there	 are	 no	 nectar	 producing	 flowers	
(Birmingham	and	Winston	2004).		I	hypothesize	that	if	worker	drift	is	a	consequence	
of	bumble	bee	workers	looking	for	nectar	from	a	familiar	source,	then	workers	will	








In	 this	 chapter	 behaviour	 of	 foragers	was	 compared	 among	 bumble	 bees	 from	




on	 each	 side	 (Fig.	 3.2.1a).	 The	 glasshouse	 side	 with	 the	 enriched	 environment	






















































Worker	 drift	 behaviour	 between	 colonies	 was	 observed:	 how	 many	 days	
individuals	nest	switched	over	all	the	days	they	were	seen	foraging,	and	the	number	
of	bouts	where	 they	 returned	 to	 their	home	nest	was	measured.	 If	 a	 forager	went	
between	 nests	 during	 the	 time	 it	 was	 observed,	 it	 was	 categorized	 as	 ‘switching’.	
Those	 that	 did	 not	 switch	 between	 nests	 were	 marked	 as	 a	 ‘non-switcher’.	








An	 individual	 forager’s	 nest	 switching	 behaviour	 was	 calculated	 as	 the	





An	 individual’s	 home	 percentage	 was	 also	 calculated	 as	 a	 proportion	 of	 the	
number	 of	 bouts	 they	 returned	 home	 compared	 to	 the	 number	 of	 bouts	 they	








these	 analyses	 are	 the	 same	 as	 in	 chapter	 3	 (Table	 1).	 Distributions	 of	 data	were	
determined	by	running	a	goodness	of	fit	analysis	to	ensure	the	correct	distribution	
and	link	were	used	(Kolmogorov’s	D	for	log-normal	distribution	and	Shapiro-Wilk	W	
Test	 for	 normal	 distribution)	 (Appendix	 1).	 A	 separate	 Generalized	 Linear	 Model	
(GLM)	was	 conducted	 for	 each	 response	 variable:	 average	 time	of	 first	 leave	 after	
sunrise	 (Distribution:	 Normal;	 Link:	 Log);	 Average	 first	 bout	 length	 (Distribution:	
Normal;	Link:	Log);	Average	bouts	per	day	(Distribution:	Normal;	Link:	Log);	Average	
bout	 length	 (log-normal	 distribution);	 Average	 total	 time	 spent	 foraging	
(Distribution:	 Normal;	 Link:	 Identity).	 Two	 factors	 were	 included	 in	 each	 model:	
environment,	 and	 colony	 origin	 (nested	 within	 Environment).	 Distributions	 were	
determined	 by	 running	 a	 goodness	 of	 fit	 analysis	 (Kolmogorov’s	D	 for	 log-normal	
distribution	and	Shapiro-Wilk	W	Test	for	normal	distribution).		
For	the	nest	switching	analyses	a	GLM	with	binomial	distribution	was	run	twice,	



















Environment	 did	 not	 predict	 the	 average	 bouts	 performed	 per	 day	 (GLM:	
Environment:	c2=1.56,	DF	=	1,	P	=	0.22;	Colony:	c2=2.55,	DF	=	2,	P	=	0.21;	Fig.	4.3.2a),	
average	bout	time	(GLM:	c2=0.28,	DF	=	1,	P	=	0.6;	Colony:	c2=0.5	DF	=	2,	P	=	0.78;	Fig.	
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Enriched	 South	1	 23	 91%	 91%	South	2	 30	 90%	











4.3.3.	 Distribution	 of	 foraging	 bumble	 bees	 behaviour	 amongst	 the	 four	 observed	
colonies	 and	 between	 both	 environments:	 (a)	 proportion	 of	 days	 each	 individual	


















foraging	 later	 than	 those	 in	 the	 enriched	 environment	provided	with	 floral	 nectar	
sources.	 There	 were	 no	 differences	 between	 environments	 in	 the	 average	 bouts	
performed	 per	 day,	 average	 of	 average	 bout	 time,	 and	 average	 first	 bout	 length.	
Analyses	also	showed	no	differences	between	colonies	within	the	same	environment.	
Nest	 drifting	 behaviour	 between	 nests	 in	 close	 proximity	 from	 one	 another	 was	
observed	to	be	much	higher	than	previously	suggested.	At	the	colony	level,	87.75%	of	
foragers	 were	 observed	 switching	 between	 nests	 at	 least	 once.	 There	 were	 no	


















foraging	 times	 between	 the	 two	 glasshouse	 environments:	 as	 the	 environmental	
enrichment	increases,	so	does	the	environmental	complexity	and	foraging	difficulty	
due	to	a	number	of	differing	flowers	(Cakmak,	Sanderson	et	al.	2009).	Learning	new	
flowers	 can	 be	 a	 time-consuming	 activity	 for	 foragers.	 Laverty	 (1994)	 found	 that	
naïve	bumble	bees	on	simple	flowers	would	take	3-10	minutes	to	learn	how	to	handle	
the	 flower,	 and	 5-30	minutes	 on	more	 complex	 flowers.	With	more	 flowers,	 they	
would	 spend	more	 time	out	of	 the	nest	 foraging	 (Laverty	1994,	Raine	and	Chittka	
2007).	Moreover,	with	nectar	provided	ad	libitum	in	a	simple	sugar	feeder	versus	bees	
having	to	 forage	for	nectar	on	flowers,	 foraging	for	nectar	could	take	 longer	 in	the	
enriched	 environment.	 However,	 there	 was	 no	 significant	 difference	 between	
environments	 for	 average	 bout	 time,	 suggesting	 that	 floral	 complexity	 is	 not	 the	
reason	for	the	observed	patterns.		
Another	difference	between	environments	 that	needs	 to	be	considered	 is	 the	
possibility	 of	 nectar	 source	 quality	 differing	 among	 the	 glasshouses.	 The	 energy	
content	and	quality	of	the	nectar	sources	of	the	flowers	versus	the	syrup	were	not	
measured,	 and	 whether	 they	 differ	 from	 one	 another	 is	 unknown.	 If	 one	 source	
provided	was	of	a	higher	quality	and	energetic	reward	than	another	it	could	have	an	
influence	 on	 the	 observed	 results	 due	 to	 an	 energetic	 shortfall	 in	 one	 of	 the	
environments.	The	sources	used	within	the	glasshouse	were	cornflower,	snapdragon	
and	syrup	provided	by	the	bumble	bee	rearing	company	Biobees.	Both	sources	are	
regularly	 used	 as	 bee	 food	 suggesting	 that	 they	 are	 adequate	 for	 bee	 nutrition.	
Cornflower	and	snapdragon	have	been	shown	to	be	popular	flowers	for	foraging	bees,	







facilities	 and	 another	 two	 million	 are	 used	 to	 feed	 bumble	 bees	 in	 glasshouse	
environments	(Velthuis	and	Van	Doorn	2006).	Previous	research	has	suggested	that	







An	alternative	aspect	 to	be	 considered	 is	 that	 the	bumble	bees	 in	 the	 simple	
environment	could	have	needed	 to	 forage	 less	due	 to	 the	ad	 libitum	syrup	 feeders	
which	 could	 account	 for	 the	 results	 observed	 in	 which	 foragers	 in	 the	 simple	
environment	spent	less	time	foraging	and	started	later.	The	colonies	in	the	enriched	












































colonies,	 the	 increased	 space	 available	 could	 have	 reduced	 the	 number	 of	 bees	
entering	conspecific	nests.		
These	 high	 levels	 of	 drift	 behaviour	 appear	 to	 be	 a	 result	 of	 the	 glasshouse	
environment	commercially	colonies	are	placed	in.	O’Connor,	Park	et	al.	(2013)	found	
that	nest	drifting	is	an	uncommon	occurrence	in	wild	bumble	bee	(Bombus	terrestris)	
colonies.	 Only	 six	 workers	 throughout	 14	 colonies	 were	 thought	 to	 be	 drifters.	
Zanette,	Miller	et	al.	(2014)	found	a	similar	result	with	only	3%	of	workers	found	in	
wild	colonies	were	unrelated	to	nestmate	workers	and	were	most	likely	the	result	of	











in	 a	 glasshouse	 experiment.	 These	 results	 add	 to	 the	 growing	 evidence	 that	 the	
environment	colonies	are	provided	with	can	have	significant	effects	on	individuals,	
























vary	 in	 the	 amount	 of	 effort	 the	 expend	 on	 foraging	 activity.	 It	 also	 showed	 that	
bumble	bee	body	size	 is	correlated	with	 the	 time	workers	 initiated	 foraging	 in	 the	
morning,	with	 larger	workers	 leaving	 the	nest	earlier	 than	smaller	workers.	There	
was	no	evidence	 found	of	 ‘activator’	bees	who	began	 foraging	earlier	 commencing	
foraging	 for	 the	 colony.	 Chapter	 4	 showed	 that	 foraging	 patterns	 differed	 across	
environments,	and	colonies	in	the	simple	glasshouse	started	foraging	later	and	spent	





























had	 significantly	 lower	 thermal	 thresholds	 (Cook	 and	 Breed	 2013).	 Differences	 in	












were	 associated	 with	 low	 food	 that	 resulted	 in	 increased	 foraging	 at	 both	 the	
individual	and	colony	level.	This	effect	has	also	been	observed	in	honey	bee	colonies,	














successful	 foragers	 performed	 more	 excited	 runs	 releasing	 pheromones	 to	
communicate	and	recruit	others	(Molet,	Chittka	et	al.	2008).	This	literature	suggests	
that	 the	 nutritional	 level	 of	 the	 colony	 has	 a	 large	 effect	 on	 foraging	 workers.	 A	
workers	 individual	 threshold	 could	 be	 attuned	 to	 these	 influences	 instead	 of	 the	
actual	 time	 of	 sunrise	 and	 colony	 nutrition	 could	 be	 influencing	 the	 time	 that	
individuals	leave	after	sunrise,	as	if	food	stores	are	low	within	the	nest,	they	may	be	
stimulated	to	leave	the	nest	earlier	than	on	days	where	food	stores	are	higher.		
Another	 element	 that	 could	 be	 influencing	 these	 results	 is	 temperature.	
Circadian	 rhythms	 have	 been	 shown	 to	 be	 highly	 dependent	 on	 temperature	
(Tomioka,	Sakamoto	et	al.	1998,	Yadlapalli,	Jiang	et	al.	2018).	This	is	noteworthy	in	

















under	 constant	 laboratory	 conditions	 bigger	 individuals	 developed	 stronger	 and	
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more	 developed	 activity	 rhythms	 compared	 to	 their	 smaller	 counterparts	
(Yerushalmi,	Bodenhaimer	et	al.	2006,	Stelzer,	Stanewsky	et	al.	2010).	These	findings	






There	 have	 been	 many	 proposals	 as	 to	 why	 bumble	 bee	 colonies	 have	 size	
differences	among	workers.	Goulson,	Peat	et	al.	(2002)	have	previously	suggested	it	
may	be	due	to	larger	bumble	bees	being	more	efficient	nectar	foragers.	They	showed	
that	 larger	 foragers	 could	 bring	 back	more	 nectar	 per	 unit	 of	 time,	 foraging	 at	 a	
greater	rate,	and	this	is	thought	to	be	either	by	extracting	more	nectar	per	flower	or	
visiting	more	flowers	per	unit	of	time	(Goulson,	Peat	et	al.	2002).	Peat,	Tucker	et	al.	
(2005)	 proposed	 that	 size	 dimorphism	 allows	 the	 colony	 to	 exploit	 a	 number	 of	
different	floral	resources	due	to	a	range	of	tongue	lengths	between	smaller	and	larger	
foragers.	They	found	that	different	sized	bumble	bees	tend	to	visit	different	flowers	
and	 that	 individuals	 could	be	making	 these	choices	 to	 lower	 their	 flower	handling	
times.	This	study	supports	the	findings	of	Yerushalmi,	Bodenhaimer	et	al.	(2006)	who	
found	similar	 findings	to	 this	study,	with	 larger	workers	having	stronger	circadian	
rhythms	than	smaller	bumble	bees.	They	suggested	that	workers	differed	in	temporal	
function,	with	smaller	workers	being	active	around	the	clock	to	take	care	of	brood,	





This	 likelihood	 for	 larger	 bees	 with	 stronger	 circadian	 rhythms	 to	 be	 foragers,	
combined	with	persisting	in	this	activity	after	they	begin,	could	be	a	mechanism	to	
ensure	that	this	group	starts	early	in	the	day.	Stelzer	and	Chittka	(2010)	performed	a	







activity	 from	 bumble	 bee	 foragers	 may	 be	 in	 anticipation	 of	 these	 resources	 and	















while	 nectar	 producing	 plants	 peak	 at	 midday.	 Differences	 in	 circadian	 rhythms	
among	the	 foraging	group	could	allow	trips	 to	be	staggered	 throughout	 the	day	 to	
exploit	these	temporally	variable	floral	resources.		

















environment	would	 forage	 less.	 Colonies	 in	 the	 simple	monocultural	 environment	
with	syrup	for	nectar	spent	less	time	on	overall	foraging	effort	and	initiated	foraging	
later	 in	 the	day	 than	 those	 in	 the	enriched	with	multiple	 flower	 types	providing	a	
natural	nectar	source.		While	this	effect	could	be	due	to	environmental	complexity	and	
longer	 flower	handling	 times	 (Laverty	1994,	Raine	and	Chittka	2007),	 the	average	





environments.	 Previous	 research	 has	 shown	 that	 pollinators	 living	 around	
agricultural	monocultures	are	generally	less	healthy	than	those	exposed	to	a	variety	
of	 flowers,	which	could	possibly	account	 for	 the	differences	observed	 in	 this	study	
(Rao,	 Schmidt	 et	 al.	 1995,	 Carvell,	 Roy	 et	 al.	 2006,	 Goulson,	 Nicholls	 et	 al.	 2015).	
Girard,	Chagnon	et	al.	(2012)	conducted	a	study	around	monocultures	and	found	that	
honey	 bees	 exposed	 to	 blueberry	 monocultures	 with	 intensively	 managed	 field	
margins	were	less	healthy	than	those	exposed	to	cranberries.	Cranberries	are	low	in	
nectar,	 but	 the	 edges	 were	 less	 maintained	 providing	 a	 variety	 of	 floral	 sources,	
demonstrating	 that	 monocultures	 are	 detrimental	 and	 suggesting	 a	 variety	 of	
flowering	weeds	are	essential	for	bee	health	in	an	agricultural	environment.	Flowers	
also	 vary	 in	 their	 amino	 acid	 content	 which	 again	 reiterates	 the	 importance	 of	 a	
variety	of	flower	sources	(Rao,	Schmidt	et	al.	1995,	Girard,	Chagnon	et	al.	2012).	Cook,	
Awmack	et	al.	(2003)	found	that	honey	bee	foragers	preferred	flowers	that	had	higher	






















landscape	 around	 honey	 bee	 colonies,	 however	 it	 also	 depended	 on	 the	 type	 of	
landscape,	furthering	the	idea	that	it	is	the	quality	of	resources	around	colonies	that	
matters.	They	also	 found	that	 if	 infection	 levels	were	high	enough,	 it	obscured	any	







can	cause	brain	damage,	 impairing	skills	needed	 for	 foraging	such	as	 learning	and	
memory,	and	could	even	be	disrupting	the	circadian	rhythms	of	foragers	causing	them	
to	forage	later	(Klein,	Cabirol	et	al.	2017).	
An	 aspect	 of	 this	 study	 that	 needs	 to	 be	 taken	 into	 consideration	 when	
interpreting	 these	 results	 is	 that	 there	 is	 only	 one	 repetition	 of	 this	 experiment	
presented,	and	 the	enriched	and	simple	environments	are	possibly	confounded	by	
their	 location	 in	 the	 glasshouse.	 The	 two	 environments	 during	 these	 observations	
were	in	different	sides	of	the	glasshouse	(north	and	south),	and	there	could	have	been	





the	 southern	 hemisphere,	 where	 the	 sun	 is	 angled	 towards	 the	 north	 in	 the	 sky,	






Another	 effect	 that	 the	 glasshouse	 orientation	 could	 have	 had	 is	 that	 the	











wildflowers	 around	 agricultural	 can	 influence	 colony	 performance	 (Holzschuh,	
Steffan-Dewenter	et	al.	2010,	Vaudo,	Tooker	et	al.	2015).	It	also	supports	conservation	














The	 results	 of	 this	 experiment	 also	 showed	 that	 nest	 switching/drifting	
behaviour	of	bumble	bee	workers	in	a	glasshouse	occurs	at	a	high	rate	within	both	
the	 enriched	 and	 simple	 environments.	 This	 is	 different	 to	 previous	 research	 in	
bumble	bee	species	 that	 reported	 the	 level	of	drifting	as	much	 lower	 (28%	versus	
87.5%)	(Birmingham,	Hoover	et	al.	2004,	Birmingham	and	Winston	2004).	There	was	





2004).	 However,	 this	 does	 not	 account	 for	 the	 lack	 of	 nest	 defences	 seen	 among	
commercial	 colonies	 within	 glasshouses.	 High	 levels	 of	 drift	 among	 commercial	
colonies	and	reduction	in	nest	defences	could	be	due	to	individuals	not	being	able	to	
discern	between	 colony	 odours.	Nests	 are	 in	 such	 close	 proximity	 in	 a	 glasshouse	




(Bombus	 occidentalis)	 are	 the	 same	 in	 both	 commercially	 reared	 and	 wild	
populations.	 This	 suggests	 that	 workers	 drifting	 among	 colonies	 and	 failure	 to	
exclude	 non-nest	mates	 is	 not	 be	 due	 to	 inbreeding	 and	 genetic	 similarity	within	
commercial	 populations.	 However,	 this	 does	 not	 change	 that	 these	 colonies	 are	
foraging	on	the	same	resources,	which	can	still	produce	a	similar	colony	odour	profile.		
Another	 reason	 for	 the	 lack	 of	 colony	 defences	 could	 be	 the	 abundance	 of	









This	 is	 of	 concern	 for	 commercial	 users	 of	 bumble	 bees,	with	 these	 colonies	
having	 such	high	 levels	of	parasites	 (Graystock,	Yates	et	 al.	 2013).	There	 is	 a	high	




















only	 enhance	 commercial	 pollination	 but	 also	wild	 pollinators	 (Carvell,	 Roy	 et	 al.	
2006).	However,	the	effects	of	increased	flowers	has	further	implications	than	this	in	
the	environment.	Holzschuh,	Steffan-Dewenter	et	al.	(2010)	found	that	wild	species	
were	 improved	 and	 abundance	 increased	 with	 a	 higher	 percentage	 of	 non-crop	
habitats	and	increased	field	edge	territories	for	nesting.	Williams,	Regetz	et	al.	(2012)	
observed	that	colony	growth	was	highly	influenced	by	the	floral	resources	available	
and	 that	 early-flowering	 resources	 are	 important,	 especially	 to	 bumble	 bees,	 for	
colonies	to	grow	to	a	size	that	they	can	effectively	exploit	the	environment.	Park	Mia,	
Blitzer	 et	 al.	 (2015)	 discovered	 that	 the	 effects	 of	 pesticides	 in	 agricultural	
environments	 can	be	buffered	by	providing	a	variety	of	 floral	 resources.	Naturally	
established	 pollinator	 populations	 as	 well	 as	 commercial	 ones	 are	 essential	 for	
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agricultural	 success	 as	 the	demand	 for	 crop	pollination	 is	 growing	 faster	 than	 the	








environment	 they	 are	 providing	 is	 bee-friendly	 (Osborne,	 Clark	 et	 al.	 1999,	










This	 study	 presents	 important	 evidence	 to	 support	 research	 in	 this	 field,	














recorded,	 and	 future	 research	 with	 every	 bee	 recorded	 may	 show	 the	 expected	




and	 simple	 environment	 locations	were	 swapped	 to	 account	 for	 any	 confounding	
variables	that	the	glasshouse	location	may	have	presented	such	as	temperature	and	
light	 differences.	 In	 the	 future,	 I	 would	 enlist	 a	 research	 assistant	 to	 help	 with	
collecting	data	from	the	videos,	to	allow	this	to	be	extracted	in	a	timely	manner.		
The	 amount	 of	 nest	 switching	 that	 occurred	 among	 colonies	 in	 the	 same	
environment	also	needs	to	be	considered.	In	these	analyses,	they	were	considered	two	















it	 could	 not	 be	 used	 in	 the	 analyses.	 In	 future,	 I	 would	 ensure	 temperature	
measurements	were	being	recorded	successfully,	and	would	also	do	manual	checks	









The	 results	 presented	 in	 this	 thesis	 could	 be	 used	 to	 understand	 more	 about	
bumble	bee	colonies	in	the	environment.	Agricultural	intensification	is	not	the	only	
threat	presenting	habitat	fragmentation	and	loss	to	the	wild	pollinators;	urban	sprawl	











the	 ability	 to	 create	 a	 ‘virtual	 world’	 where	 one	 can	 observe	 the	 interactions	 of	
autonomous	individuals	and	the	results	and	consequences	of	those	exchanges	(An,	Mi	
et	 al.	 2009,	 Maleki-Dizaji,	 Kiran	 et	 al.	 2011).	 This	 could	 be	 a	 valuable	 means	 of	
exploring	 how	 human-induced	 rapid	 environmental	 change	 could	 be	 impacting	









real	 foraging	activity	parameters	of	how	 long	 they	 spend	out	of	 the	nest	 and	how	
many	foraging	trips	they	perform	in	the	day.	The	hypothesis	that	would	be	tested	is	
that	colonies	would	use	disproportionately	more	energy	in	an	irregular	environment	
versus	 a	more	 uniform	 environment	 collecting	 sufficient	 resources.	 Colonies	 need	
68	
	
adequate	 energy	 uptake	 versus	 energy	 use	 to	 ensure	 success.	 A	 simulation	 could	
explore	 whether	 insects	 are	 able	 to	 gather	 enough	 to	 grow	 and	 reproduce	 in	
agriculturally	intensified	and	urban	environments.	It	could	also	be	adapted	for	use	in	














behaviour	 of	 bumble	 bees,	 and	 that	workers	 are	 not	 drifting	 among	 colonies	 in	 a	




in	 a	 negative	 way,	 possibly	 diminishing	 effectiveness	 of	 pollination.	 This	 thesis	
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Analyses	were	 performed	 to	 determine	 the	 distribution	 of	 data	 for	 the	measured	
variables	for	the	GLM	analysis	(Chapter	4).	A	goodness	of	fit	test	was	run	in	the	JMP	












	Figure	 A.1.	 Distributions	 of	 foraging	 data	 (a)	 average	 first	 Bout	 length	 (b)	 average	







































and	 those	 that	were	 not	 (a)	 In	 the	 colony	 South	 1	 (b)	 In	 the	 colony	 South	 2	 (c)	 All	
individuals	observed	in	the	south	glasshouse.		
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